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White blood cells roll spontaneously in venules of
intact, nonin¯amed rat skin. We investigated non-
invasively in two experimental series which leukocyte
subtypes participate in this phenomenon and the
possible involvement of E-selectin. Male Lewis rats
were anesthetized with sodium pentobarbital, and
intravital video microscopy was performed on post-
capillary venules in the nail-fold of a hind leg. In
series 1 acridine yellow was infused for 15 min
(50 mg per kg intravenously) to stain the leukocyte
nuclei in situ. With the use of ¯uorescence micro-
scopy rolling leukocytes could be classi®ed
unequivocally as polymorphonuclear (granulocytes)
or monomorphonuclear (lymphocytes/monocytes)
by the shape of their nucleus. Irrespective of vessel
depth beneath the skin surface (25±45 mm), most
identi®ed rolling leukocytes were classi®ed as
granulocytes (72%±100%; median 89%). This per-
centage was independent of total rolling leukocyte
¯ux, systemic leukocyte count, or their in vitro differ-
entiation pattern. In series 2, rats were treated with
either a synthetic, highly selective E-selectin blocking
peptide or a control peptide (intravenously, 12 mg
peptide per kg bolus, followed by 50 mg per kg per
h). E-selectin blockade signi®cantly reduced the
leukocyte rolling level to about 50% of baseline
(p < 0.01), whereas the rolling velocity increased
(p < 0.01); the control peptide had no effect. In sum-
mary, most of the leukocytes rolling spontaneously
in postcapillary venules of intact rat skin are granulo-
cytes, despite the absence of an acute in¯ammatory
reaction. One of the adhesion molecules involved in
this phenomenon is E-selectin. Key words: acridine
yellow/adhesion molecules/in vivo/microcirculation/selec-
tins. J Invest Dermatol 118:323±326, 2002
I
n¯ammatory skin diseases are characterized, irrespective of
their etiology, by extravasation of leukocytes into the dermis
and/or epidermis. Leukocyte migration from the blood
compartment starts with their adhesion to endothelial cells. A
®rst step to adhesion is the rolling of leukocytes along the
vessel wall at a relatively low velocity (von Andrian et al, 1991).
Intravital microscopic observation has shown that the contribution
to rolling of the two leukocyte subclasses, i.e., granulocytes versus
lymphocytes and monocytes, may vary between tissues. Rolling of
lymphocytes was observed in peripheral lymph nodes (von
Andrian, 1996), whereas in spleen both lymphocytes and
granulocytes were seen rolling (Schmidt et al, 1990). In contrast,
in the exteriorized mesentery the rolling cells were almost
exclusively granulocytes (Tangelder et al, 1995). In the latter case
leukocyte rolling is in all likelihood induced by handling of the
mesenteric tissue (Fiebig et al, 1991).
Recently, it has been reported that leukocytes roll spontaneously
in skin venules without any traumatic intervention, demonstrating
a constant alertness of the skin defense mechanism (Mayrovitz,
1992; Janssen et al, 1994). In addition to its barrier function, the
skin plays an important role in foreign antigen recognition. It has
been reported, for example, that the endothelial adhesion molecule
E-selectin is expressed constitutively in skin venules (Weninger et al,
2000) and functions as a homing receptor for a speci®c class of
memory T cells (Picker et al, 1991). On the other hand E-selectin
can also support rolling of granulocytes (Lawrence and Springer,
1993). In this study, we investigated in vivo which subtypes of
leukocytes participate in the phenomenon of spontaneous rolling in
skin venules, using noninvasive techniques (Janssen et al, 1994;
Tangelder et al, 1995). In addition, we evaluated the possible
involvement of E-selectin, using a synthetic blocking peptide with
a highly selective af®nity for this adhesion molecule.
MATERIALS AND METHODS
Animals Two series of experiments were performed on male Lewis
rats. The local animal ethics committee approved the experimental
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protocol (Janssen et al, 1994). Brie¯y, the animal was anesthetized with
sodium pentobarbital (50±60 mg per kg bodyweight), injected
intraperitoneally under a short CO2 sedation (40% CO2 in air, <20 s).
This anesthesia does not in¯uence leukocyte rolling in rat skin venules
(Janssen et al, 1997). PE-10 catheters were inserted into the right femoral
vein to inject the ¯uorescent tracer (series 1) or one of the peptides
(series 2), and into the right femoral artery. The latter was used to
measure mean arterial pressure and heart rate, which remained constant
during both experimental series (median baseline values 103 and
97 mmHg, and 380 and 347 beats per min, respectively). This catheter
was kept patent by continuous infusion of physiologic saline (1±3 ml per
h); no heparin was used. The animal was kept at constant rectal
temperature (37°C). Skin surface temperature at the nail-fold was
measured with a thermistor probe and remained around 26°C (24.5°C±
27.5°C).
Before and after each experiment, arterial blood samples were collected
in TuÈrks solution to determine systemic leukocyte counts (BuÈrker
chamber) and differentiation in subclasses. Leukocyte counts remained
constant during the experiments in both series (medians 5.2 and
4.4 3 106 cells per ml, respectively). The percentage of polymorpho-
nuclear leukocytes (PMNs) increased moderately in the rats of series 1
(from 27% to 36%), and also in the group receiving the control peptide
(from 10% to 16%). Administration of the E-selectin blocking peptide
induced a signi®cantly greater increase from 11% to 41% PMNs
(p = 0.005). The monomorphonuclear leukocyte (MMN) fraction con-
sisted only for 3% of monocytes, as determined by May±GruÈnwald/
Giemsa staining.
Intravital microscopy The left hind leg of each anesthetized rat was
®xed with plastic clay on the stage of an intravital microscope (all
components: Leitz, Wetzlar, Germany). The hairless part of the nail-fold
of one toe was covered with a drop of paraf®n oil to improve skin
transparency. A Ploemopak 2.2 incident illuminator (tube factor 1.253),
a xenon arc (150 W), and either an LL25 objective [numerical aperture
(n.a.) 0.35] or an L20 objective (n.a. 0.32) were utilized for bright-®eld
microscopy. Application of a POL cube (polarizer, 50% mirror, and
crossed analyzer) minimized direct light re¯ections from the skin surface.
In vivo differentiation of the rolling leukocytes (series 1) was subsequently
performed by ¯uorescence microscopy (immersion objective SW100,
n.a. 1.2). Images were projected onto a CCD camera, or in the case of
¯uorescence microscopy onto an intensi®ed CCD camera (C2400-8;
Hamamatsu Photonics, Hamamatsu City, Japan) and recorded on SVHS
videotape. Total optical magni®cation at the front plane of the camera
was about 253 at low magni®cation and 1253 with the SW100 lens;
interline spacing on the video monitor was 0.65 and 0.2 mm,
respectively.
Vessel diameters were measured off-line with a vernier caliper in series
1, and in series 2 with a dual window system (Capi¯ow, Kista, Sweden),
also used to quantify red blood cell velocities. Leukocytes were
considered rolling if they could be seen moving along the vessel wall by
eye at much lower velocity than the free ¯owing blood cells. Rolling
leukocytes were observed only in venules, never in arterioles. Leukocyte
rolling level was quanti®ed off-line by counting in duplicate the number
of cells that rolled through a prede®ned vessel segment; it was expressed
as the number of rolling cells passing per minute. In series 1 thickness of
the tissue overlying the vessels was measured by assessing the distance
between the focal position of the skin surface and that of the vessel
(SW100 lens).
Series 1: Fluorescent labeling and identi®cation of rolling
leukocytes Sixteen rats (100±210 g) were used. One or two super®cial
skin venules (21 in total) were selected per rat. The ¯uorescent, nuclear-
staining dye acridine yellow (Chroma, Stuttgart, Germany) was
employed for in vivo labeling of leukocytes (Tangelder et al, 1995). It was
freshly dissolved (50 mg per ml) in physiologic saline containing 5%
ethanol and ®ltered (0.22 mm pores). Intravenous infusion (50 mg per kg
in 15 min) labeled the nuclei of leukocytes passing through the skin
venules brightly and selectively, as observed using ®lter set I2 (excitation
BP 450±490; dichroic mirror RKP 510; barrier LP515). Red blood cells
were not labeled. Observation periods per vessel ranged from 7 to
20 min (median 10 min). The total ¯ux of rolling leukocytes was not
signi®cantly in¯uenced by dye infusion. No tight adhesion was observed.
Ex vivo, it was con®rmed microscopically that 100% of the leukocytes
were labeled; all subtypes labeled equally well.
Leukocyte subtypes were identi®ed as PMN or MMN by the form of
their nucleus, i.e., segmented or round (Tangelder et al, 1995). Focus
was moved through the ¯uorescent nucleus of each rolling leukocyte as
long as it was visible within a certain vessel segment. The cell was
classi®ed (i) unequivocally as PMN, i.e., granulocyte, when clear
segmentation of the nucleus could be observed; (ii) unequivocally as
MMN, i.e., lymphocyte/monocyte, when the nucleus was approximately
circular in shape and no clear notches were visible; or (iii) as unidenti-
®ed when there was the slightest doubt, despite repeated replay of the
video images.
It was not possible to distinguish in vivo between lymphocytes and
monocytes by means of the nuclear to cytoplasmic ratio, because under
¯uorescence microscopy only the nucleus was visible. No relationship
was found between the percentage of unequivocally identi®ed rolling
leukocytes or the duration of observation and the percentage of rolling
PMNs.
In a subset of vessels rolling velocities of PMNs and MMNs were
measured by determining the time a leukocyte needed to travel a certain
distance on the video screen. In the same vessels the rolling fraction was
determined, i.e., the fraction of all passing leukocytes that was rolling.
Series 2: Involvement of E-selectin Sixteen rats (220±340 g) were
divided between a ®rst group (n = 10), to test the effect of an E-selectin
blocking peptide, and a second group (n = 6) receiving the control
peptide. The blocking peptide, AF11461 (acetyl-DITWAQLWDLMK-
CONH2; MW 1400; American Peptide, Sunnyvale, CA), is a synthetic
peptide that binds speci®cally to E-selectin (Martens et al, 1995). The
control peptide, AF20307 (acetyl-DITWAQLADLAK-NH2; Affymax
Research Institute, Palo Alto, CA), has a similar structure, but with two
essential amino acid residues and the N-terminal end changed to
eliminate its ability to interact with E-selectin. Both peptides (>99%
pure) were freshly dissolved (10 mg per ml) in a sterile phosphate-
buffered saline solution (pH 7.4).
In each animal one venule with more than four rolling leukocytes per
minute was recorded for 5 min (baseline), after which a bolus injection
(12 mg peptide per kg bodyweight in 1 min) of one of the two peptides
was given. Subsequently, the peptide was continuously infused (50 mg
per kg per h for 60 min) and video recording was continued. Off-line,
the leukocyte rolling level, the velocity of 10 randomly chosen rolling
leukocytes per vessel, vessel diameter (D) and red blood cell velocity
(RBCV) were measured. Blood ¯ow (Q) was calculated by means of the
following equation:
Q = p (D/2)2 3 RBCV
Statistics Because of their nonsymmetrical distribution, data are
presented as medians with (interquartile) ranges and analyzed using the
Mann±Whitney U test, the paired Wilcoxon signed ranks test, and the
Spearman rank correlation test. For comparison of the effects of the two
peptides data were normalized to baseline values, and the ``area under
the curve'' (AUC) during the 60 min infusion period was calculated
(Matthews et al, 1990). These AUC data were compared using the
Mann±Whitney U test. Tests were used two-sided with the level of
signi®cance set at 5%.
RESULTS
Leukocyte subtypes rolling in skin venules Figure 1 shows
that most of the unequivocally identi®ed rolling leukocytes were
granulocytes (72%±100%, median 89). This percentage was
independent of the total number of leukocytes rolling in these
vessels (median 4.4 cells per min; range 0.8±15), and also of the
systemic leukocyte count and the in vitro differentiation pattern of
leukocytes. In addition, no signi®cant correlations could be found
between vessel diameter (median 13 mm; range 7±27) or depth of
the vessel beneath the skin surface (median 32 mm; range 25±45) on
the one hand and the number of rolling leukocytes, rolling
granulocytes, or rolling lymphocytes/monocytes, on the other. The
more super®cial a venule was, the more rolling cells could be
identi®ed (rs = ±0.494; p = 0.02).
In a subset of ®ve venules (median diameter 13 mm; range 7±17)
it was determined that on average a total number of 24 leukocytes
passed the vessel per minute. Of these cells 20% were rolling
(median 4.8 cells per min). The rolling velocities of the
granulocytes ranged from 2.2 to 4.6 mm per s (median 3.5), and
those of the MMNs from 2.0 to 12.6 mm per s (median 5.8); these
values were not signi®cantly different. For both cell types no
relation was found between rolling velocity and vessel depth
beneath the skin surface (range for these vessels, 26±42 mm).
324 OUDE EGBRINK ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
Effect of E-selectin blockade on leukocyte rolling in skin
venules Figure 2 shows that speci®c blockade of E-selectin
reduced the level of leukocyte rolling to about 50% of baseline
within 5 min (p < 0.01), whereas the control peptide had no effect
(Fig 2a). Over time this difference remained nearly signi®cant
(p = 0.08). This reduction in rolling of primarily granulocytes (see
series 1) may have induced the simultaneous, signi®cant increase in
circulating PMNs after E-selectin blockade (from 11% to 41% versus
an increase from 10% to 16% with the control peptide). Median
baseline rolling levels were 18 cells per min (range 8±37) in the
E-selectin blockade group and 8 cells per min (5±12) in controls.
Tight adhesion was never observed.
The velocity of the rolling leukocytes increased signi®cantly
during E-selectin blockade (p < 0.01 at 15 min); the control
peptide had no effect (Fig 2b). No signi®cant difference was found
over the whole infusion period (p = 0.18). Initial rolling velocities
were 27 mm per s (12±50) in the E-selectin blockade group and
15 mm per s (10±38) in the controls.
The effects of E-selectin blockade on leukocyte rolling cannot be
explained by ¯uid dynamic changes: neither the E-selectin blocking
peptide nor the control peptide had a signi®cant effect on the local
¯uid dynamic conditions. In venules of the E-selectin blockade
group the median baseline diameter was 21 mm (range 18±33), red
blood cell velocity was 0.8 mm per s (0.3±1.5), and ¯ow 0.31 nl
per s (0.12±0.64). In the control venules the initial diameter was
22 mm (19±31), red blood cell velocity was 0.5 mm per s (0.2±2.0),
and blood ¯ow 0.21 nl per s (0.18±0.60). These baseline values
were not signi®cantly different between both groups.
DISCUSSION
This study shows that both PMNs and MMNs participate in
spontaneous rolling in postcapillary venules in untraumatized rat
skin, and that E-selectin is one of the adhesion molecules involved.
Despite the absence of any traumatic intervention, and hence of an
acute in¯ammatory reaction, granulocytes were the dominant
subclass of rolling cells. This dominance of granulocyte rolling
appeared to be independent of the total ¯ux of rolling leukocytes
and depth of the observed venules beneath the skin surface.
The high level of granulocyte participation in leukocyte rolling
in skin (89%), despite the absence of an acute in¯ammatory
reaction, is surprising. This is even more notable considering their
relatively low frequency of occurrence in rat blood. Provided that
this distribution is the same throughout the vascular bed, about 33%
(see series 1) of the leukocytes that pass a skin venule will be PMNs
(8 cells per min). Because we showed that about 4 PMNs are
rolling per minute (89% of 4.4 cells per min), 50% of all PMNs that
pass a postcapillary skin venule appear to be rolling. By contrast,
only about 3% of the 16 MMNs that pass such a vessel per minute
are rolling (about 0.4 cells per minute). This dominance of
granulocytes among rolling cells does not result from a difference in
the in vivo labeling ef®ciency with acridine yellow, because ex vivo
100% of each leukocyte subtype was labeled. In certain other
tissues, by contrast, the more abundantly present lymphocytes roll
more frequently, e.g., in spleen (Schmidt et al, 1990) and peripheral
lymph nodes (von Andrian, 1996; Warnock et al, 1998).
Unique adhesion cascades appear to dictate the tissue speci®city
and selectivity of the interactions of leukocyte subtypes with the
venular wall. Apparently, adhesion molecules that support the
spontaneous rolling of leukocytes in skin venules are constitutively
expressed on the endothelium. Our ®nding that a synthetic
E-selectin blocking peptide was able to reduce leukocyte rolling
level and to increase rolling velocity indicates that E-selectin is one
of them. Recently, it was shown that E-selectin is constitutively
expressed at low levels in normal skin venules (Weninger et al,
2000). Our observation that E-selectin blockade only partially
reduces the level of rolling, however, indicates that other selectins
play a role in spontaneous leukocyte rolling in the skin as well.
Evidence for involvement of the other endothelial selectin,
Figure 2. Effect of E-selectin blockade on leukocyte rolling in
skin venules. The number of rolling leukocytes (a) and leukocyte
rolling velocities (b) before (baseline) and during administration of the E-
selectin blocking peptide (closed circles) or control peptide (open circles).
Data were normalized to baseline values. Medians and interquartile
ranges are presented.
Figure 1. Independence of the percentage of granulocytes
(PMNs) among unequivocally identi®ed rolling leukocytes from
the total level of leukocyte rolling in skin venules.
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P-selectin, comes from observations in murine skin (Nolte et al,
1994; Yamada et al, 1995; Weninger et al, 2000), where P-selectin
was found to be constitutively expressed as well (Hickey et al,
1999). By contrast, L-selectin, expressed on leukocytes, appears to
be of little importance for leukocyte rolling in the skin (Nolte et al,
1994; Weninger et al, 2000).
In addition to a decrease in leukocyte rolling level in skin
venules, E-selectin blockade also induced a signi®cant increase in
number of circulating PMNs. Interestingly, mice lacking E- and
also P-selectin (E/P±/±) show an even more dramatic elevation of
PMN count (Frenette et al, 1996). Given the fact that in most
nonin¯amed tissues leukocyte rolling seems to be rare (Fiebig et al,
1991; Ley et al, 1995), the spontaneous rolling of primarily
granulocytes in the skin may be considered as part of the marginal
granulocyte pool.
In a subset of venules it was shown that the rolling velocities of
PMNs and MMNs were not signi®cantly different, although the
latter had a more rightwardly skewed distribution. Our ®nding that
the lower rolling velocities were similar in the two leukocyte
subgroups suggests that at least E-selectin is involved in the rolling
of both cell types. After all, E-selectin appears to be crucial for
rolling at very low velocities in skin venules in vivo (Weninger et al,
2000), whereas in vitro studies have shown that leukocytes roll more
slowly on E-selectin than on P-selectin (Lawrence and Springer,
1993).
More than 10% of the leukocytes rolling in skin venules were
found to be MMNs. This subgroup mainly contains lymphocytes,
but also monocytes and a variety of other less well de®ned cells,
such as circulating precursors of skin dendritic cells. The latter cells
are able to home to the skin; for this purpose, they constitutively
interact with nonin¯amed skin endothelial cells via E- and
P-selectin (Robert et al, 1999). Another subclass of rolling
MMNs in skin could be those memory T lymphocytes that
home to the skin using E-selectin as a receptor (Picker et al, 1991).
The constitutive expression of E-selectin in nonin¯amed skin
vessels may represent a mechanism to enhance the immunorespon-
siveness of the skin, either by allowing the T memory cells to
recirculate or by facilitating lodging of other immunocompetent
cells. In contrast to skin, in the exteriorized mesentery the rolling
cells were almost exclusively granulocytes (median 100%;
Tangelder et al, 1995); statistical comparison indicates a signi®cant
difference (p < 0.001; Mann±Whitney U test). This shows that
more leukocyte subtypes participate in rolling in intact skin than in
exteriorized mesentery, suggesting a difference in expression of
adhesion molecules on venular endothelium. The existence of such
a difference is supported by ®ndings that indicate that, for example,
L-selectin is involved in leukocyte rolling in mesentery (von
Andrian et al, 1991), but not in skin, where P-selectin (Nolte et al,
1994; Weninger et al, 2000) and E-selectin (this study) play a role.
In conclusion, both PMNs and MMNs participate in spon-
taneous leukocyte rolling in rat skin venules. One of the adhesion
molecules involved is E-selectin. In spite of the absence of acute
in¯ammation, the PMNs or granulocytes appeared to be the
dominant subclass among the rolling cells. This suggests an
important role for granulocytes in the alertness of the nonspeci®c
host defense mechanism in the skin under physiologic conditions.
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